A sensor-based control approach for real-time seam tracking of rocket thrust chamber assemblies has been developed to enable automation of a braze paste dispensing process. This approach utilizes a non-contact Multi-Axis Seam Tracking (MAST) sensor to track the seams.
Introduction
Large classes of manufacturing processes require the ability to track gaps or seams between mating parts. Automation of these processes is often further challenged when small lot manufacturing is involved. Small lots often preclude the use of precision fixtures to precisely locate these features for the automation equipment. Sandia National Laboratories1 and the Rocketdyne Division of Rockwell International have entered into a cooperative research and development agreement (CRADA) to address these issues for the manufacturing of rocket engine thrust chambers.
Rocketdyne manufactures rocket engines for Delta and Atlas main rocket boosters [l, 21 . The thrust chamber portion of the engines consists of hundreds of tubes which are brazed together to form a solid heat exchanger assembly. Rocketdyne currently fabricates these assemblies by fixturing the tubes together and manually dispensing nickel powder and palladium-silver braze paste into each seam between the butted tubes. The entire assembly is then placed in a gas fired fumace where the braze paste melts producing the solid structure.
Rocketdyne and Sandia are currently pursuing an automated approach for dispensing the braze paste. The goal in automating this process is to reduce the amount of labor hours and excess material required. The current process is time consuming because hundreds of Seams must be processed on each assembly. The tube diameters change continuously down the length of the thrust chamber requiring varying amounts of paste along the seam. This is difficult to control manually and often results in excess application of paste.
The automated system will combine the precise motion control of a robot with precision paste dispensing equipment. The challenge in this effort is for the robot to locate and then track the seams at a constant speed. Since this is a small lot manufacturing process, and because the pre-brazed assembly has some flexibility, precision fixturing of the part is impractical. In addition, since each assembly has hundreds of tubes, the tolerances of these tubes accumulate resulting in unique seam locations on each assembly. This paper will describe a sensor-based control approach for locating and tracking seams in real-time. A non-contact Multi-Axis Seam Tracking (MAST) sensor system will be discussed. A PID control algorithm has been designed based on a simple dynamic model of the combined robot and sensor plant. This control algorithm has been implemented to conduct experiments in realtime seam tracking accuracy. 
Capacitive Sensor
A unique, non-contact capacitive sensor is being used to locate and track the tube seams in real-time. The MultiAxis Seam Tracking (MAST) sensor has been designed specifically for this application [ 1, 31 based on a capacitive sensing technology developed at Sandia National Laboratories [4] . The MAST sensor is fabricated from an inexpensive five layer printed circuit board and is approximately 15 cm long and 2.5 cm wide. The sum of the corresponding voltages is proportional to displacement above the seam (2). Finally, the difference of the 1-3 and 2-4 voltages yields an output proportional U, orientation about the cross-seam (y) axis.
Robot and Controller
The control experiments were conducted on a Fanuc S-700 Robot with an R-J controller. This controller contains a 16 MHz 68020 CPU with a 68881 floatingpoint coprocessor. Application software was written in Karel, a Pascal-like, proprietary language for the Fanuc controller. The code was developed off-line using Fanuc's Off-Line Programming Software (OLPC) and downloaded to the robot controller for execution.
Delta Tool Software Option
A Delta Tool software function, provided as a Karel option, permitted the use of MAST sensor data for realtime seam tracking. The Delta Tool function allowed a predefined nominal path to be executed while calculating path corrections based on the sensor output. The Delta Tool function accepted positional corrections calculated by the user and applied these corrections in the tool frame at a user defined update rate. This application used Delta Tool at a 56 mSec (18 Hz) update rate. This is slower than the minimum update rate to allow a sufficient timeslice for the application program to calculate the positional correction for the next Delta Tool update. About 10 msec was required to read the sensor channels and calculate the next update. Fanuc had indicated that a 25 M H z CPU board with a 68882 floating coprocessor would enable Delta Tool to be used at a 28 msec update rate. scanning across a tube top providing a mechanism to distinguish between these two features.
In tracking the seams between adjacent tubes the side-looking sensor is used first to position the tool directly over the seam. Assuming tracking is reasonably accurate, the sensor will remain in the vicinity of the seam near a positive-slope zero crossing in Figure 4 .
Since the slope of the sensor output is nearly constant near these zero crossings, a constant gain may be used to represent the y-axis behavior. For the experiments presented in this paper, the y-axis sensor gain was obtained at a height of 1 mm above the tube bundle surface. In the z direction, the downward-looking sensor signal decreases monotonically as height z increases. Again, a constant calibration gain was obtained by approximating the slope of the z axis sensor response about the 1 mm height operating point.
Sensor Calibration 4 Model Identification
The incoming MAST sensor signals were calibrated with respect to the workpiece to be tracked. This was required so that these signals, in A/D counts, could be converted to absolute motions with respect to the workpiece. A flat bundle of 9.5 mm OD tubes, shown in Figure 3 , was used to simulate the thrust chamber.
Calibration data was obtained by scanning the MAST sensor across the tube bundle to obtain data for both the y and z axes. Figure 4 shows data collected for scans in the y direction at various z heights above the bundle surface. Plotted is the difference between the two side-looking sensors, (1-2) minus (3-4) . The plot shows a periodic signal which crosses zero at the tube tops and the seam centers. The magnitude of the signal decreased as the z scan height above the tube bundle increased, with a sensor dynamic range of 4 mm. The slope of the line read positive when scanning across a seam and negative when To design a controller for this system, the response of the combined robot and sensor plant must first be characterixd. Robot dynamics are in general nonlinear and time-varying [5] . However, at the low link velocities and accelerations anticipated during seam-tracking with this robot the nonlinear link dynamic effects are small. Also, the transmission gear reduction will effectively diminish the link dynamics as compared to actuator dynamics. Finally, the Fanuc position controller will reject friction torque disturbances.
Under these conditions one can assume that incremental positioning of the robot and sensor can be functionally represented by a simple model obtained with the robot near the configuration of interest.
A suitable model was developed by characterizing the combined robot and sensor step response. The response Step response of (robot + sensor) plant as measured by the MAST sensor.
of the (robot + sensor) plant to a 1 mm step input is shown in Figure 5 . The sampling period was 56 msec, the Delta Tool update rate. This 1 mm step magnitude is expected to be a typical maximum correction during seam tracking. In Figure 5 the variable "MAST Sensor" is the difference between side-looking sensors. This variable represents the response of the (robot + sensor) plant to the step input. The variable "Disp Sensor" is an independent measure of the robot position using a displacement sensor.
The difference between these two position measurements is due to analog filtering within the MAST sensor. Since the observed step response was delayed but showed no overshoot, a first order model with five delays was fit to this response, with the steady-state gain set to one. The corresponding transfer function for the plant is 
Controller Design
The cross-seam system block diagram is shown in Step responses corresponding to +20% variation in loop gain.
Experimental Results
Experiments were conducted to determine how accurately the sensor-based control system could track seam joints in real-time. The flat bundle of 9.5 mm OD tubes shown in Figure 3 was used to simulate the thrust chamber. The MAST sensor was used t o track the seams in two dimensions. The side-looking sensors were used to make cross-seam corrections in the y direction. The control set point in this case was an error of zero. The down-looking sensors were used to control the z height above the seam. The control set point in this case was a sensor reading corresponding to a fixed height of 1 mm above the top of the tube. The Ap orientation (rotation about y) was not controlled in these experiments.
The strategy for tracking a seam was to use the sensor to find the center starting location of the seam before tracking started. In this way the tracking error was initially zero and a start-up transient was avoided. A nominal path was then constructed between this initial centered starting point and a point at the expected end of the seam. Misalignment of the tube bundle caused this nominal trajectory to be in error which provided a ramp disturbance to the tracking control system. The slope of this ramp disturbance was proportional to the tracking speed. The PID controller resulted in a Type I system, which had finite steady-state error to a ramp disturbance, proportional to the velocity of the ramp. Thus for a given maximum tracking error, tracking speed was dependent on the tube bundle misalignment. A Type I1 controller is 
